We report the first principle calculations of the lattice dynamics of KNi2Se2 together with the Raman scattering study. We have observed three out of four Raman active modes predicted by the factor group analysis. Calculated phonon frequencies are in good agreement with experimental findings. Contrary to its iron counterpart (KxFe2−ySe2), K0.95Ni1.86Se2 does not show vacancy ordering.
I. INTRODUCTION
The discovery of superconductivity in the iron materials has aroused great interest among researches to study the physical properties of these materials which are dominated by the layers of Fe atoms surrounded by the elements of pnictogen (As,P) or the chalcogen group (Se,Te). [1] [2] [3] [4] [5] The recently discovered superconductivity in the alkali-doped iron selenide layered compounds with T c ∼ 33 K brings forth some unique characteristics that are absent in the other iron-based superconductors. 6 These include the presence of the iron vacancies and their ordering, the antiferromagnetically ordered insulating phases and a very high Néel transition temperature.
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Nickel pnictides have recently attracted a lot of attention, 12 despite of the low critical superconducting temperature, much lower than in iron based pnictides. The cause of such significant distinction in T c value is not clear. It could be the consequence of the different superconducting mechanisms, or different values of the material parameters responsible for superconductivity. Typically, these materials display a very reach phase diagram including phases with magnetic ordering, or heavy fermion phase, which is typically accompanied by a superconducting phase at low temperatures. KNi 2 Se 2 shows a putative local charge density wave (LCDW) state which persists up to 300 K, followed by the magnetic field independent heavy fermion phase below 40 K and a superconducting phase below T c =0.8 K.
12 The superconducting phase is very sensitive on stoichiometry.
13 Even small deficiency of K and Ni atoms leads to the absence of superconducting phase down to 0.3 K. Therefore, in order to understand the low temperature transport and thermodynamic properties of this material, a full knowledge of the lattice dynamics is necessary. To the best of our knowledge phonon properties of this compound are unknown.
In this paper we address the lattice dynamics of KNi 2 Se 2 . The first principles lattice dynamics calculations were performed within density functional perturbation theory 14 (DFPT) using QUANTUM ESPRESSO
15
package. The polarized Raman scattering measurements were performed in a wide temperature range. Three out of four Raman active modes predicted by the symmetry considerations are observed and assigned.
II. EXPERIMENT AND NUMERICAL CALCULATIONS
Single crystal growth and characterization of the K 0.95 Ni 1.86 Se 2 samples were described in previous report. 13 Raman scattering measurements were performed on freshly cleaved samples using a JY T64000 and TriVista 557 Raman systems in backscattering microRaman configuration. The 514.5 nm line of a mixed Ar + /Kr + gas laser was used as an excitation source. The corresponding excitation power density was less than 0.2 kW/cm 2 . Low temperature measurements were performed using KONTI CryoVac continuous flow cryostat with 0.5 mm thick window. Measurements in the optical phonon region of K 0.95 Ni 1.86 Se 2 (30 -350 cm −1 ) were performed using 1800/1800/1800 groves/mm gratings configuration of JY T64000 system and 900/900/2400 groves/mm gratings configuration of TriVista 557 system.
We have performed calculations of the lattice dynamics of the KNi 2 Se 2 within the DFPT 14 using QUAN-TUM ESPRESSO 15 package. KNi 2 Se 2 crystallizes in the tetragonal ThCr 2 Si 2 -type of crystal structure (I4/mmm space group with the unit cell parameters a = 3.9089 (8) A, c = 13.4141(5)Å, z = 0.35429(2)).
12,13 Potassium atoms are at 2a : (0, 0, 0), Ni atoms at 4d : (0, Table I . The normal modes of all four Raman-active phonons are shown in Figure 1 . As can be seen from Figure 1 the A 1g (B 1g ) mode represents the vibrations of the Se (Ni) ions along the c-axis, whereas the E g modes involve the vibration both Ni and Se ions within the ab plane.
III. RESULTS AND DISCUSSION
Symmetry considerations predict four Raman-active phonons: A 1g , B 1g and 2E g (Table I) (Color online) Raman scattering spectra of K0.95Ni1.86Se2 single crystals measured at room temperature using JY T64000 Raman system in various scatter-
the K x Fe 2−y Se 2 16 and K x Fe 2−y S 2 17 . Figure 2 shows room temperature polarized Raman scattering spectra of K 0.95 Ni 1.86 Se 2 single crystals. Only three Raman active modes are observed in the Raman spectra for different sample orientations. This finding supports the high symmetry (I4/mmm space group) of the K 0.95 Ni 1.86 Se 2 structure without the Ni vacancy ordering as opposed to the K x Fe 2−y Se 2 case.
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According to the selection rules, the Raman scattering spectra measured from the ab plane of the sample may contain only A 1g and B 1g modes. The A 1g mode can be observed for any orientation of the incident light polarization e i provided that the scattered light polarization e s is parallel to it (e s e i ) and will vanish in any crossed polarization configuration (e s ⊥ e i ). On the other hand, the intensity of the B 1g mode strongly depends on the sample orientation (I B1g (Θ) ∼ |c| 2 cos 2 (Θ + 2β) where Θ = ∠(e i , e s ) and β = ∠(e i , x)) 16 . When the sample is oriented so that e i x, (see Figure 2 (a) ) one can expect the appearance of both the A 1g and B 1g modes in the parallel and their absence for a cross polarization. In order to separate the A 1g from the B 1g symmetry mode, incident light polarization should be parallel to axis of the crystal (see Figure 2 (b) ). The Raman mode at about 179 cm −1 has been observed in the parallel, but not in the cross polarization configuration and, consequently it is assigned as the A 1g mode. The mode at about 134 cm −1 has been observed in the cross but not in the parallel polarization configuration and consequently is assigned as the B 1g mode.
Observation of the E g symmetry modes, in the case of the tetragonal crystal symmetry, requires performing measurements in the ac plane of the sample. According to the selection rules, for the parallel polarization configuration with e i z the A 1g mode appearance is the only one to be expected, whereas both the A 1g and B 1g modes are expected to be observable in the case of e i x (see Figure 2 (c) ). In the cross polarization configuration only the E g modes can be observed. Consequently, mode at around 63 cm −1 (see Figure 2 (c)) has been assigned as E 1 g symmetry one. In addition, weak peak-like feature has been observed at around 201 cm −1 (denoted by asterisk in Figure 2 (c) ). However, assignation of this feature cannot be unambiguously performed because of the extremely low intensity, although it falls in the region where the appearance of the E 2 g mode is expected (see Table I ). The frequencies of the observed modes are in good agreement with our calculations (see Table I ). Figure. 3 (a) shows unpolarized Raman spectra of K 0.95 Ni 1.86 Se 2 single crystal, measured from the ab plane of the sample at various temperatures. No observable change has been observed in the spectra near the local CDW to heavy fermion transition temperature (T ∼ 40 K). The A 1g and B 1g symmetry modes energy and fullwidth at half maximum (FWHM) temperature dependance are presented in Figure 3 (b) .
Temperature dependance of the phonon mode energy, Ω(T ), and linewidth, Γ(T ), are usually governed by phonon-phonon interaction (anharmonic effects). For simplicity we assume a symmetric decay of the low lying optical phonon into two acoustic phonons:
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where Ω 0 is the Raman mode energy, A and C are the anharmonic constants, x = Ω 0 /2k B T . In the case of semiconducting and insulating materials, A is usually the only parameter needed for describing the temperature dependence of the linewidth. Phonons may also couple with other elementary excitations i.e. electrons, in which case additional term Γ 0 must be included. Γ 0 term also includes the contributions from scattering on defects. Red lines in Figure 3 (b) represent calculated spectra by using Eqs. (1) and (2) . Although there is a good agreement with the experimental data, large value of Γ 0 parameter, especially for the B 1g phonon, together with the clear asymmetry of this mode, points out to the possible contribution from the interaction of the phonons with some other excitations (i.e. electrons). 19 However, a clear non-stoichiometry of the studied single crystals indicates that the origin of the increased width and asymmetry of the B 1g mode is more likely due to disorder that breaks the conservation of the momentum during the Raman scattering process enabling contributions of finite wavevector phonons to the Raman spectra. 
IV. CONCLUSION
We have performed the Raman scattering study and the lattice dynamics calculations of the KNi 2 Se 2 . By analyzing polarized Raman scattering spectra of K 0.95 Ni 1.86 Se 2 single crystals, we have identified three out of four Raman active modes predicted by the factor group analysis. Frequencies of these modes are in good agreement with the lattice dynamics results. Contrary to its counterpart K x Fe 2−y Se 2 , K 0.95 Ni 1.86 Se 2 did not show Ni vacancy ordering. Temperature dependent study revealed no significant changes in the Raman spectra near the local CDW to heavy fermion phase transition temperature.
ACKNOWLEDGMENT
This work was supported by the Serbian Ministry of Education, Science and Technological Development under Projects ON171032, III45018 and ON171017. Part of this work was carried out at the Brookhaven National Laboratory which is operated for the Office of Basic Energy Sciences, U.S. Department of Energy by Brookhaven Science Associates (DE-Ac02-98CH10886). Numerical simulations were run on the AEGIS e-Infrastructure, supported in part by FP7 projects EGI-InSPIRE, PRACE-1IP and HP-SEE.
